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CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to United States provisional patent 
serial nos. 60/440,434 filed January 16, 2003, 60/440,435 filed January 16, 2003, 
and 60/440,443 filed January 16, 2003, the disclosures of which are each 
expressly incorporated herein by reference. This application also expressly 
incorporates by reference concurrently filed United States patent application 

serial no. , entitled "Semiconductor Processing Techniques Utilizing 

Vacuum Ultraviolet Reflectometer" by Dale A. Harrison, and concurrently filed 

United States patent application serial no. , entitled "Vacuum 

Ultraviolet Referencing Reflectometer" by Dale A. Harrison. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to instrumentation for, and 
applications of, vacuum ultraviolet reflectance spectroscopy. In one embodiment, 
the invention can be used to provide semiconductor manufacturers with high 
throughput, non-contact metrology capabilities for use in process control during 
the manufacturing of leading edge semiconductor devices. Additionally, the 
present invention is sufficiently compact so as to facilitate its use in integrated 
(in-line) process control applications. 

[0003] The semiconductor industry is currently developing processing 
technologies to enable manufacturing of devices comprised of thinner layers and 
possessing smaller feature sizes than at any time in history. To make possible 
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these advances, supporting metrology techniques must be developed as current 
systems lack the sensitivity required to detect subtle changes in processing 
conditions. 

[0004] Optical metrology instruments have long been used in semiconductor 
processing applications because they are typically non-contact, non-destructive 
and enable high measurement throughput. The vast majority of these 
instruments employ ellipsometry and/or reflectometry methods to characterize 
materials. Traditionally these instruments have been used to measure film 
thicknesses, optical properties and other material characteristics like 
composition, porosity, and roughness. More recently, interest has arisen in the 
extension of said instrumentation to characterize critical dimensions of device 
features through use of scatterometry modeling techniques. 

[0005] Virtually all current ellipsometry and reflectometry metrology 
instruments operate in some portion of the spectra! region between deep 
ultraviolet (-200 nm) and near-infrared (-1000 nm) wavelengths. Unfortunately, 
as semiconductor processing technologies progress, and as device geometries 
shrink, the sensitivity of such instruments to changes in processing conditions is 
reduced. Without sensitive, accurate, and repeatable feedback from metrology 
instrumentation, semiconductor manufactures are unable to adequately control 
process equipment and hence, achieve high yields. In short, conventional optical 
instrumentation is reaching limitations that make it unsuitable for future 
technologies. 

[0006] A select number of companies have recognized the evolving need for 
vacuum ultra-violet (VUV) (generally wavelengths less than 190 nm) optical 
metrology equipment and have manufactured commercial products targeted to 
address this requirement. Examples include Sentech Instruments GmbH of 
Germany, J.A. Woollam Co., Inc. of the U.S. and Sopra Inc. of France. All of 
these companies, however, have designed instruments that rely on ellipsometric 
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techniques, which by their very nature require complicated hardware and control 
systems. Such devices are typically slow and not capable of sustaining the high 
level measurement throughput required in semiconductor manufacturing 
environments. In addition, such instruments generally employ numerous 
transmissive polarizing elements which effectively limit the shortest wavelength 
photons that can be employed. As a result, current VUV ellipsometric metrology 
systems can only operate at wavelengths longer than about 140 nm. 

[0007] Also, the prior art U.S. Patent No. 6,414,302 (Freeouf) describes the 
benefits of performing high energy specular bi-directional eiiipsometric 
measurements in a geometry where the entire light path is maintained in a 
controlled environment. While this approach does attempt to make use of the 
improved signal distinguishing ability imparted by the use of higher energy 
photons, it also suffers from the aforementioned complications associated with 
the employment of complicated ellipsometric techniques. In addition, this design 
requires the ambient to be strictly and reproducibly controlled bnth during the 
actual measurement, as well as between series of measurements in order to 
obtain accurate and reproducible results. That is, to minimize the uncertainty in 
the measured data resulting from environmental influences it is necessary to 
ensure not only that appropriate environmental conditions are realized, but also 
that the same appropriate conditions be reproducibly achieved and maintained 
during each and every measurement. If the conditions change, instrument 
repeatability and stability will be adversely affected. 

[0008] McAninch, in U.S. Patent Application 20020149774, discloses a purge 
system for an optical metrology tool which does not require placing the sample in 
a controlled environment. Reproducible steady-state conditions would be difficult 
to achieve using such an arrangement as flow characteristics could be expected 
to change considerably depending on the placement of the sample during 
measurement. Other factors like sample size and the presence of patterned 
structures on the surface of the sample could also be expected to influence flow 
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characteristics. Additionally, this disclosure makes no mention of how data 
referencing could be incorporated into the design. 

[0009] Other companies such as Acton Research Corporation and 
McPherson, Inc., both of the U.S., have also developed optical instruments for 
performing spectral measurements of reflectance and/or transmittance in the 
VUV region. Generally speaking, these systems employ step and scan 
technology, whereby a spectrum is recorded through use of a single element 
detector in combination with the scanning of a diffraction grating through a range 
of angles. As such, these systems are time consuming and not weli-suited to the 
needs of semiconductor manufacturers. 

[0010] In order to achieve highly repeatable results with a reflectometer it is 
necessary to provide a means by which reflectance data can be referenced or 
compared to a relative standard. In this manner changes in the system that occur 
between an initial time when the system is first calibrated and a later time when a 
sample measurement is performed can be properly accounted for. 

[0011] Numerous referencing techniques exist in the prior art, generally 
however these methods are either time consuming, and involve mechanically 
positioning a reference sample into and out of the sample location, or employ 
separate detection components (i.e. diffraction elements and detectors) for 
sample and reference measurements which can lead to inaccurate results. For 
example, one approach utilizing separate detection components to reference 
reflectometer data is to employ a "dual beam" configuration. In this arrangement 
broad-band light is typically dispersed using a spectrometer in order to create a 
monochromatic exit beam. This beam is split into two parts; the sample beam 
and the reference beam. The sample beam is reflected from the sample and 
recorded by a sample detector, while the reference beam bypasses the sample 
and is recorded by a reference detector. The approach is time-consuming since it 
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requires scanning of the dispersion grating and also suffers from the detector 
issues described earlier. 

[0012] Hence, it would be desirable for an optical measurement tool to 
incorporate a highly accurate means of referencing which was rapid and compact 
so as to facilitate its use in in-line metrology applications. 

[0013] As device geometries shrink metrology instruments are expected to 
perform measurements on smaller and smaller regions of samples. It would be 
highly advantageous if a metrology tool were able to simultaneously perform 
measurements on a number of such sites within a localized region of a sample in 
order to obtain greater information without the increased time typically associated 
with the re-positioning and re-alignment of the sample. 

[0014] As none of the currently available optical metrology technologies 
overcome the difficuiiies associated with collecting accurate and repeatable 
optical data in the VUV region, it follows that there would be great benefit in 
designing such an instrument. 

SUMMARY OF THE INVENTION 

[0015] An objective of the current invention is to provide the semiconductor 
manufacturing industry with a reliable optical metrology tool that is capable of 
characterizing semiconductor devices incorporating thinner layers and smaller 
features. This instrument will take full advantage of the heightened levels of 
sensitivity to small changes in processing conditions that are afforded through 
the characterization of materials at and below the VUV wavelength region. This 
instrument will be non-contact and non-destructive and will make use of 
referenced reflectometry data. 
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[0016] The design of the instrument is simple and robust rendering it easy to 
operate at VUV wavelengths. As a result of its simplicity it is fast, thereby lending 
it to use in high throughput manufacturing applications. The system is designed 
such that it is compact and requires little space. The instrument offers the 
advantage of minimizing environmental effects so far as to remove the need to 
sustain a reproducible controlled environment during the course of calibration, 
referencing and sample measurement. Additionally, it offers a small 
measurement spot size such that in-line measurements on product samples are 
possible and employ imaging optics such that multiple measurements on a series 
of sites within a localized region can be obtained simultaneously. 

[0017] In one embodiment, a spectroscopy system is provided which operates 
in the vacuum ultra-violet spectrum. More particularly, a system utilizing 
reflectometry techniques in the vacuum ultraviolet spectrum is provided for use in 
metrology applications. The system may further include the use of an array 
detector in combination with an imaging spectrometer. !n this manner data for 
multiple wavelengths may be simultaneously collected. Moreover, the multiple 
wavelengths of data may be collected simultaneously for a two dimensional 
sample area. The system may further include the use of a fixed diffraction 
grating and does not require the use of polarizing elements. To ensure accurate 
and repeatable measurement, the environment of the optical path is controlled. 
The optical path may include a controlled environmental chamber in which non- 
absorbing purge gases are present or in which vacuum evacuation techniques 
are utilized. The controlled environment may further include a separate 
instrument chamber and a separate sample chamber. The controlled 
environment limits in a repeatable manner the absorption of VUV photons. 

[0018] In another embodiment, a spectroscopy system is provided which 
operates in the vacuum ultra-violet spectrum. More particularly, a system 
utilizing reflectometry techniques in the vacuum ultraviolet spectrum is provided 
for use in metrology applications. To ensure accurate and repeatable 
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measurement, the environment of the optical path is controlled to limit absorption 
effects of gases that may be present in the optical path. To account for 
absorption effects that may still occur, the length of the optical path is minimized. 
To further account for absorption effects, the reflectance data may be referenced 
to a relative standard. Referencing is particularly advantageous in the VUV 
reflectometer due to the low available photon flux and the sensitivity of recorded 
data to the composition of the gaseous medium contained with the optical path. 
Thus, errors that may be introduced by changes in the controlled environment 
may be reduced. In one exemplary embodiment, the VUV reflectometer may 
utilize a technique in which a beam splitter is utilized to create a sample beam 
and a reference beam to form the two arms of a near balanced Mach Zehnder 
interferometer. In another exemplary embodiment, the reference channel may 
be comprised of a Michelson interferometer. 

[0019] In still another embodiment, a spectroscopy system is provided which 
operates in the vacuum ultra-violet spectrum. More particularly, a system 
utilizing reflectometry techniques in the vacuum ultraviolet spectrum is provided 
for use in metrology applications. To ensure accurate and repeatable 
measurement, the environment of the optical path is controlled to limit absorption 
effects of gases that may be present in the optical path. The VUV reflectometer 
may be utilized to monitor a wide range of data in a semiconductor processing 
environment. For example, the techniques may be used for measuring 
thicknesses, optical properties, composition, porosity and roughness of a film or 
stack of films. Further, these VUV techniques and apparatus may be used to 
characterize critical dimensions and other features of a device. The VUV 
reflectometer system may be utilized as a stand alone tool, or the relatively 
compact nature of the system may be taken advantage of such that the system is 
incorporated into other process tools. Thus, for example, the VUV techniques 
described herein may be incorporated directly into tools used for deposition, etch, 
photolithography, etc. so that in-line measurements, monitoring and control may 
be advantageously obtained. 
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[0020] A further understanding of the nature of the advantages of the present 
invention may be realized following review of the following description and 
associated drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] Figure 1 - Comparison of optical transmission through 100 cm of 
standard atmosphere versus 100 cm of controlled environment containing 1 PPM 
of H20 and 02. 

[0022] Figure 2 - Schematic representation of a VUV reflectometer. 

[0023] Figure 3 -Spectral output from Hamamatsu deuterium lamp equipped 
with an MgF2 window. 

[0024] Figure 4 - "Solar-blind" broad-band VUV filter from Acton Research 
Corporation. 

[0025] Figure 5 - Top-down schematic view of VUV reflectometer illustrating 
incorporation of reference channel. 

[0026] Figure 6 - Typical off-axis parabolic mirror. 

[0027] Figure 7 - Broad-band VUV-UV reflective coatings from Acton 
Research Corporation. 

[0028] Figure 8 - Example of "through-pellicle" measurement using shallow 
angle (solid line) and large angle (dashed) incidence configurations. 
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[0029] Figure 9 - Use of imaging reflectometer to simultaneously record 
multiple spectra from different physical locations on patterned sample. 

[0030] Figure 10 - Schematic view of alternate VUV reflectometer with 
reference channel. 

[0031] Figure 11 - Schematic view of alternate VUV reflectometer with 
virtually all optics housed within instrument chamber. 

[0032] Figure 1 1 a - Alternate schematic view of the system of Figure 1 1 . 

[0033] Figure 11b- Schematic view of a system of Figure 1 1 integrated with a 
process tool. 

[0034] Figure 1 2 - Typical measurement flow chart. 

[0035] Figure 12a - Exemplary detailed measurement flow chart 

[0036] Figure 13 - Typical properties associated with VUV beam splitter 
manufactured by Acton Research Corporation. 

[0037] Figure 14 - Error plots as a function of concentration differences and 
path length differences. 

[0038] Figure 15 - Schematic representation of typical reflectance 
measurement. 

[0039] Figure 16 - Measured and calculated reflectance spectra from thin 
AI203 layer deposited on silicon substrate. 
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[0040] Figure 17 - Optical properties (n and k values) obtained for AI203 layer 
through iterative fitting process. 

[0041] Figure 18 - Reflected signal associated with ultra-thin (5 A) layer of 
residual photo resist deposited on mask blank. Difference signal corresponding 
to a 1 nm increase in layer thickness. 

[0042] Figure 19 - Reflectance signal from 10 A, 14 A, and 18 A SiON layers 
on silicon substrates. 

[0043] Figure 20 - Reflectance difference signal at 130 nm, 157 nm and 193 
nm associated with increase in film thickness for a 1 0 A SiON layer. 

[0044] Figure 21 - Reflectance signal associated with matrix of 16 A SiON 
layers possessing nitrogen concentrations in the range of 10 - 15%. 

[0045] Figure 22 - Reflectance difference signal at 130 nm, 157 nm and 193 
nm associated with increase in nitrogen concentration for a 16 A SiON layer with 
10% nitrogen. 

[0046] Figure 22a - Different nitrogen doping profiles for a 20 A SiON film. In 
all cases the samples were exposed to the same dose of 1e 15 atoms/cm 2 . 

[0047] Figure 22b - Reflectance difference signals (relative to the uniformly 
doped sample) resulting from a variety of non-uniform nitrogen distributions. 

[0048] Figure 23 - Interaction of incident DUV and VUV photons with typical 
semiconductor stack sample during reflectance measurement. 

[0049] Figure 24 - Reflectance spectra from Si02/SiN/Si samples exhibiting 
different SiN thicknesses. 
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[0050] Figure 25 - Reflectance spectra from Si02/SiN/Si samples exhibiting 
different Si02 layer thicknesses. 

[0051] Figure 26 - Schematic representation of typical scatterometry 
measurement illustrating both reflected and diffracted beams. 

[0052] Figure 27 - Schematic representation of typical outputs obtained 
through scatterometry measurements. 

[0053] Figure 28 - Reflected signal associated with nominal 65 nm line array 
and difference signal corresponding to 1 nm increase in nominal 65 nm line 
width. 

[0054] Figure 29 - Reflected signal associated with line arrays comprised of 
63 nm, 65 nm and 67 nm lines and spaces. 

[0055] Figure 30 - Reflected signal associated with line array comprised of 65 
nm wide lines and spaces (for nominal line height of 1000 A). Difference signal 
corresponding to 10A increase in line height of said structure. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0056] To enhance the sensitivity of optical metrology equipment for 
challenging applications it is desirable to extend the range of wavelengths over 
which such measurements are performed. Specifically, it is advantageous to 
utilize shorter wavelength (higher energy) photons extending into, and beyond, 
the region of the electromagnetic spectrum referred to as the vacuum ultra-violet 
(VUV). Historically there has been relatively little effort expended on the 
development of optical instrumentation designed to operate at these 
wavelengths, owing to the fact that VUV (and lower) photons are strongly 
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absorbed in standard atmospheric conditions. Vacuum ultra-violet (VUV) 
wavelengths are generally considered to be wavelengths less than deep ultra- 
violet (DUV) wavelengths. Thus VUV wavelengths are generally considered to 
be wavelengths less than about 190 nm. While there is no universal cutoff for 
the bottom end of the VUV range, some in the field may consider VUV to 
terminate and an extreme ultra-violet (EUV) range to begin (for example some 
may define wavelengths less than 100 nm as EUV). Though the principles 
described herein may be applicable to wavelengths above 100 nm, such 
principles are generally also applicable to wavelengths below 100 nm. Thus, as 
used herein it will be recognized that the term VUV is meant to indicaie 
wavelengths generally less than about 190 nm however VUV is not meant to 
exclude lower wavelengths. Thus as described herein VUV is generally meant to 
encompass wavelengths generally less than about 190 nm without a low end 
wavelength exclusion. Furthermore, low end VUV may be construed generally 
as wavelengths below about 140 nm. 

[0057] Indeed it is generally true that virtually all forms of matter (solids, 
liquids and gases) exhibit increasingly strong optical absorption characteristics at 
VUV wavelengths. Ironically it is this same rather fundamental property of matter 
which is itself responsible for the increased sensitivity available to VUV optical 
metrology techniques. This follows as small changes in process conditions, 
producing undetectable changes in the optical behavior of materials at longer 
wavelengths, can induce substantial and easily detectable changes in the 
measurable characteristics of such materials at VUV wavelengths. 

[0058] The fact that VUV photons are strongly absorbed by most forms of 
matter precludes the simple extension of, or modification to, conventional longer 
wavelength optical metrology equipment in order to facilitate operation in the 
VUV. Current day tools are designed to operate under standard atmospheric 
conditions and typically lack, among other things, the controlled environment 
required for operation at these shorter wavelengths. VUV radiation is strongly 
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absorbed by both O2 and H2O molecules and hence these species must be 
maintained at sufficiently low levels as to permit transmission of VUV photons 
through the optical path of the instrument. To better illustrate this point the optical 
transmission through a 100 cm path length of both standard atmosphere (plot 
100) and a controlled environment containing O2 and H2O concentration levels of 
1 PPM (plot 1 10) are plotted as a function of photon wavelength in Figure 1 . As 
is evident from the figure, the transmission of photons through standard 
atmosphere drops precipitously at wavelengths shorter than about 200 nm. 

[0059] Not only are conventional optical instruments intended to function in 
standard atmospheric conditions they also typically employ an array of optical 
elements and designs which render them unsuitable for VUV operation. In order 
to achieve highly repeatable results with a reflectometer it is desirable to provide 
a means by which reflectance data can be referenced or compared to a relative 
standard. In this manner changes in the system that occur between an initial time 
when the system is first caiibraied and a later time when a sample measurement 
is performed, can be properly accounted for. At longer wavelengths such 
changes are usually dominated by intensity variations in the spectral output of 
the source. When working at VUV wavelengths, however, changes in the 
environmental conditions (i.e. changes in the concentration of absorbing species 
in the environment of the optical path) can play a much larger role. 

[0060] Thus, conventional longer wavelength systems fail to address the 
significant influence that the absorbing environment has on the measurement 
process. To ensure that accurate and repeatable reflectance data is obtained, it 
is desirable to not only provide a means of controlling the environment containing 
the optical path, but furthermore to ensure that the absorption effects which do 
occur are properly taken into account during all aspects of the calibration, 
measurement and reference processes. 
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[0061] Hence, it is desirable to provide an optical metrology tool with a 
controlled environment that is designed to operate at and below VUV 
wavelengths. In addition, in order to ensure that accurate and repeatable results 
are obtained, it is desirable that the design incorporate a robust referencing 
methodology that acts to reduce or altogether remove errors introduced by 
changes in the controlled environment. 

[0062] A schematic representation an optical reflectometer metrology tool 200 
that depicts one embodiment of the present invention is presented in Figure 2. 
As is evident, the source 210, beam conditioning module 220, optics (not shown), 
spectrometer 230 and detector 240 are contained within an environmentally 
controlled instrument chamber 202. The sample 250, additional optics 260, 
motorized stage 270 (which may include an optional desorber) are housed in a 
separate environmentally controlled sample chamber 204 so as to enable the 
loading and unloading of samples without contaminating the quality of the 
instrument chamber environment. The instrument and sample chambers are 
connected via a controllable coupling mechanism 206 which can permit the 
transfer of photons, and if so desired the exchange of gases to occur. For 
example, coupling mechanism 206 may be optical windows, may be gate valves 
which open when an optical transmission path is desired, or may be other 
mechanisms that suitably allow an optical path to be coupled between the two 
chambers. In this manner an optical path between the instrument and sample 
chambers is provided. Additionally a processor 290 located outside the 
controlled environment may be used to analyze the measured data. It will be 
recognized that processor 290 may be any of a wide variety of computing means 
that may provide suitable data processing and/or storage of the data collected. 

[0063] While not explicitly shown in Figure 2, it is noted that the system could 
also be equipped with a robot and other associated mechanized components to 
aid in the loading and unloading of samples in an automated fashion, thereby 
further increasing measurement throughput. Further, as is known in the art load 
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lock chambers may also be utilized in conjunction with the sample chamber to 
improve environmental control and increase the system throughput for 
interchanging samples. 

[0064] In operation light from the source 210 is modified, by way of beam 
conditioning module 220, and directed and focused via delivery optics through 
the coupling mechanism windows 206 and onto the sample 250 housed in the 
sample chamber 204. Light reflected from the sample travels back through the 
coupling mechanism 206, is captured by collection optics and focused onto the 
entrance plane of a spectrometer 230. As is discussed in more detail below, the 
spectrometer 230 may be in one embodiment an imaging spectrometer. This 
type of spectrometer is typically equipped with some form of multi-element 
detector 240 (for example an array detector), such that it is capable of collecting 
a range of data points simultaneously. The entire optical path of the device is 
maintained within controlled environments which function to remove absorbing 
species and permit transmission of VUV photons. The controlled environments 
may be created with purge or vacuum system 280 by introducing a non- 
absorbing purge gas like high purity nitrogen, argon, or helium into the instrument 
and sample chambers and/or through evacuation via vacuum, depending on the 
lowest operating wavelength desired. If a high purity purge gas is used, the 
coupling mechanism 206 could be comprised of MgF 2 windows, whereas if the 
chambers are evacuated then mechanical gate valves could be employed. Other 
potentially suitable window materials include fused silica, fluorine-doped fused 
silica, quartz, CaF, SrF, BaF, MgF 2 , LaF and LiF. It will be recognized that by 
utilizing a combination of evacuation techniques and mechanical gate valves, 
absorption of photons may be further decreased. 

[0065] In one embodiment of the invention the VUV source 210 is a long nose 
projecting type deuterium (D 2 ) lamp, such as Model # L7293 manufactured by 
Hamamatsu of Japan. Such a source is a broad band VUV source and combines 
mature arc lamp technology with a magnesium fluoride (MgF 2 ) window to provide 
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continuous emission down to about 115 nm (see plot 300 of Figure 3). The 
window may however be comprised of a variety of VUV materials including fused 
silica, fluorine-doped fused silica, quartz, CaF, SrF, BaF, MgF 2 , LaF and LiF. The 
projecting design of the lamp provides superior directivity thereby enabling 
efficient coupling of VUV photons into the reflectometer optical system. D 2 arc 
lamps are characterized by high stability, high brightness and long-life rendering 
them well-suited to demanding semiconductor metrology applications. Alternate 
embodiments of the invention may incorporate a variety of other VUV sources 
including, but not limited to, narrow band sources and windowless discharge 
sources which could emit photons at wavelengths down to and below 115 nm. 
For example, the windowless source may be a differentially pumped discharge 
source. Thus, the systems and techniques provided herein are particularly useful 
for low end VUV (or lower) applications. 

[0066] Referring again to Figure 2, the beam conditioner module 220 allows 
for the introduction of spatial and/or spectral filtering elements to modify the 
properties of the source beam. While this functionality may not generally be 
required, there may arise specific applications where it is deemed advantageous. 
Examples could include modifying the spatial or temporal coherence of the 
source beam through use of an aperture, or introduction of a "solar blind" filter to 
prevent longer wavelength light from generating spurious VUV signals through 
scattering mechanisms that may occur at the various optical surfaces in the 
optical beam path. In a particular embodiment of the device the "solar blind" filter 
is a VUV filter from Acton Research Corporation, typical reflective properties of 
which are presented in Figure 4 as shown by plot 400 for the Acton Research 
part number 120-VBB filter and plot 410 for an Acton Research part number 170- 
VBB filter. 

[0067] A more detailed diagram of one embodiment of an optical 
reflectometer metrology tool 500 is provided in Figure 5, wherein the optics 
comprising the measurement and reference channels of the device are illustrated 
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in more detail. Though not shown, it will be recognized that the optical 
reflectometer metrology tool may include the components shown in Figure 2 such 
as the purge or vacuum system 280, processor 290, stage 270, etc. As shown in 
Figure 5, a source 510, spectrometer 530, and array detector 540 may be 
provided in an instrumentation chamber 502. A sample chamber 504 is coupled 
to the instrumentation chamber 504 through coupling mechanisms (not shown). 

[0068] Referring again to Figure 5 the optical path for a sample measurement 
will be described. It is seen that light from the source 510 is collimated and 
directed by Mirror 1 towards Beam Splitter 1 , where the source beam is split into 
sample and reference beam components (generally indicated by beams 508 and 
506 respectively). The sample beam 508 is reflected from the beam splitter 1 
towards plane Mirror 5, where it is redirected towards Mirror 2. Here the light is 
focused down (into the plane of the figure) onto the sample 550. The reflected 
light (out of the plane of the figure) from the sample 550 is captured by the 
collimating optic (Mirror 3) where it is directed through Beam Splitter 2 towards 
the focusing optic, Mirror 4. Here the light is then focused onto the entrance 
plane of the spectrometer 530. During measurement of the sample Shutters 1 
and 2 are open while Shutter 3 remains closed. 

[0069] In one embodiment, the mirror 1 , mirror 2, mirror 3 and mirror 4 are off- 
axis parabolic reflectors; an example of such is depicted as off-axis mirror 600 in 
Figure 6. These mirrors are preferably polished using conventional techniques 
following their manufacture and then covered with some form of broad band 
reflective coating 610 like AI/MgF2 (some manufactures may implement 
aluminum and MgF 2 layers directly on each other on the mirror or alternatively 
thin layers of other materials may be located under or over the aluminum layer). 
Post polishing improves the imaging properties of the mirrors by minimizing 
issues arising from diamond turning artifacts. The broad band coating 610 is 
tailored to enhance the reflective properties of the mirrors in the VUV. Examples 
of particularly well-suited coatings for coating 610 are produced by Acton 
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Research Company. Figure 7 illustrates reflectance plots for coating #1000, 
#1200, and #1600 produced by Acton Research Corporation (plots 700, 710 and 
720 respectively). For operation at shorter wavelengths other coatings like 
elemental iridium may be better suited. 

[0070] While other types of mirrors could also be incorporated into the 
system, the use of off-axis parabolic reflectors enables reflectance data to be 
obtained using near-normal incidence illumination/collection yielding numerous 
benefits. These advantages include simplifying the subsequent analysis of 
measured data since polarization effects can be neglected, yielding symmetric 
illumination of measurement regions on the sample, minimizing scattering effects 
at the sample surface encountered using larger angles of incidence and 
facilitating compact system design, an important consideration for integrated 
and/or in-line metrology applications. Additionally, certain optical measurements 
may themselves benefit from use of a near-normal configuration. Typical 
examples include, but are noi iimiied to, dimensional characterization of high 
aspect ratio features using scatterometry methods and through-pellicle 
measurements of photo masks. For example as shown in Figure 8 and known in 
the art, a semiconductor photolithography mask substrate 800 may have a film 
(or films) 810 that is (are) protected by a pellicle 820. Measurements of the 
through pellicle measurements of the film (films) 810 may benefit from the use of 
a near normal configuration. 

[0071] Off-axis parabolic mirrors are regularly produced by a variety of optics 
manufactures; they are as such, readily available and relatively inexpensive. 
They offer greater degrees of freedom, with respect to integration and alignment, 
and do not suffer from astigmatism to the same extent as toroidal mirrors when 
used in similar applications. 

[0072] In a particularly useful embodiment of the invention one or more of the 
off-axis parabolic mirrors is designed such that the off-axis angle (denoted as 0 in 
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Figure 6) is equal to 90°. Such an arrangement provides considerable flexibility 
and reduced susceptibility to scattering at shorter wavelengths (a consequence 
of the smaller incident angles involved). Flexibility follows from the fact that 
rotation of one such optic about an axis parallel to the central ray axis of the optic 
maps out a two dimensional pattern (i.e. circle) as opposed to a three 
dimensional pattern (i.e. cone) for optics possessing other off-axis angles. This 
specific geometrical configuration offers a number of system enhancement 
possibilities and advantages. 

[0073] An example of one such enhancement would be to enable simple 
incorporation of multiple sources into the system* Other sources could be placed 
at appropriate locations around an axis perpendicular to the central ray axis of 
the optic. To select another source it would then only be necessary to rotate the 
optic around the axis. Another advantage of such an arrangement would be 
realized during the initial alignment phase of the instrument. Using a normal 
incidence configuration would enabie simpie determination of proper alignment 
on both the illumination and collection arms of the tool since they would be 
working on-axis, in the sense that they would be focusing onto a surface 
perpendicular to central focusing. This results in better spot definition and hence, 
better overall imaging performance. 

[0074] Referring again to Figure 5, once the light enters the spectrometer 530 
is it reflected by a plane mirror 531, collimated by a focusing mirror 532 and 
incident upon a diffraction grating 533. Some portion of the light diffracted by the 
grating is collected by the second focusing mirror 534 and focused onto the 
surface of the VUV sensitive array detector 540. As is known in the art, the light 
that is reflected from the diffraction grating becomes spatially separated by 
wavelength across the width of the detector. It is noted that in this particular 
embodiment all of the optics inside the spectrometer have also been coated with 
broad band reflective coatings like AI/MgF 2 to increase their efficiencies. Ideally, 
the spectrometer is an imaging spectrometer that is designed in such a manner 
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as to provide stigmatic imaging in a large area flat field as is the case with the 
250 is/sm manufactured by Chromex Instruments (see also U.S. Patent No. 
4932768). Such spectrometers typically allow a wide range of multiple 
wavelengths to exit the spectrometer simultaneously for detection by the detector 
element (as opposed to some types of spectrometers which attempt to restrict 
the exiting light to a single wavelength). Typically, such spectrometers utilize a 
fixed diffraction grating since a moveable diffraction grating is not required to 
generate the data at varying wavelengths. The imaging spectrometer may be 
utilized in combination with an array detector such that the multiple wavelengths 
exiting the spectrometer may be spread across the width of the array deiector. 
The columns across the width of the detector are thus presented with light of 
different wavelengths. The internal elements of imaging spectrometers may be 
designed such that the multiple wavelengths are sufficiently resolved so that the 
array detector may accurately obtain data for various wavelengths. 

[0075] In addition, it is advantageous if the diffraction gratings are of the 
holographic ion-etched type so as to minimize stray light resulting from light 
scattering at short wavelengths. Alternate embodiments of the invention could 
also incorporate other types of VUV spectrometers including non-periodic toroidal 
grating configurations, like those manufactured by Jobin-Yvon of France, 
Rowland circle configurations, like those manufactured by Resonance Ltd. of 
Canada, or Echelette configurations like those manufactured by Catalina 
Scientific Corp. of the United States. In addition, the diffraction grating utilized 
need not be a movable but rather may be implemented as a fixed diffraction 
grating. 

[0076] While any number of VUV sensitive array detectors could be used with 
the invention, it is desirable to use a detector that provides efficient conversion of 
VUV photons while offering a wide dynamic range. Back-thinned, back- 
illuminated, uncoated charge coupled devices (CCD's) are particularly well-suited 
for this application as they offer high sensitivity and avoid losses due to 
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absorption of VUV photons in poly-Si gate regions as encountered by their 
phosphorus coated front-illuminated counterparts. Uncoated devices are 
generally expected to perform better over a wide range of wavelengths than 
those possessing anti-reflection layers. Another type of array detector than may 
be used is a micro channel plate detector. 

[0077] Another aspect of the array detector 540 is that it may be cooled to low 
temperatures (below 0° C) to reduce dark counts (i.e. thermally generated 
carriers) which mask as measured signal and can adversely affect system 
accuracy in cases where low photon levels prevail. In order to cool the detector, it 
may be necessary to encapsulate it in a hermetically sealed chamber to prevent 
condensable species from accumulating on the device. This is usually 
accomplished by mounting the device in a vacuum chamber sealed with an MgF2 
window to permit VUV photons to pass. For operation at shorter wavelengths 
(generally below about 115 nm, the transmission cutoff for MgF2) the protective 
window could be removed as ihe controlled environment would be that of 
vacuum, rather than a non-absorbing purge gas. A particularly well-suited 
detector (Model # DV-420-BN) is manufactured by Andor Technology of Northern 
Ireland. This particular detector is an array detector that has a width of 26.6 mm 
and a height of 6.7 mm. Such a detector is formed of an array of pixels arranged 
as rows and columns. In this example a typical pixel may be 26 microns in width 
and height, though detectors with smaller resolutions on the order of 10 microns 
are also typically available. 

[0078] To aid in the selection of discrete measurement locations on patterned 
samples an optional camera system 565 (i.e. camera plus necessary focusing 
elements) could be employed. While there are numerous ways in which to 
integrate such a system into the reflectometer arrangement, one possible method 
is to use it to capture the beam passing through the sample channel 508 and 
reflecting of Beam Splitter 2. When utilized in this manner, the camera system 
565 could be used to collect images at any time the sample channel 508 is in use 
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(i.e. when Shutter 1 is open). Alternatively, a flip-in mirror could be added to the 
camera system to temporarily redirect some portion of the sample beam 
(following reflection from the sample) to the camera. Finally, there is also the 
option of introducing separate illumination and/or collection optics to the 
reflectometer in order to acquire images and locate specific features on the 
sample. 

[0079] The use of an imaging spectrograph, in combination with an array- 
based detector, enables entire spectra to be collected much faster and to a 
higher degree of accuracy (due to lack of moving parts) than with a conventional 
scanning monochromator and single element detector arrangement. In addition, 
it enables high quality imaging reflectometry, allowing data from small regions on 
the sample to be readily collected and spatially resolved. This permits 
measurements to be performed on actual patterned production samples and not 
just on blanket "test" substrates or wafers. In fact, the combination of imaging 
optics and a highly sensitive detection system enabies muiiipie measurements to 
be performed simultaneously on a series of sites within a localized region. 

[0080] Figure 9 illustrates the fashion in which such multiple measurements 
are achieved. These techniques take advantage of the chosen detector being a 
two-dimensional array detector. Thus for example with regard to Figure 5, the 
array detector 540 may be a two dimensional array detector. The left hand side 
of the Figure 9 presents a portion of a patterned sample 550 wherein with four 
rectangular structures 900 formed. For example, such structures 900 may be 
formed on a semiconductor substrate such as patterned polysilicon structures, 
metal structures or other structures formed on semiconductor wafers. The 
structures 900 may be surrounded by an un-patterned region of the 
semiconductor substrate (it will be recognized that the structures shown are 
illustrative only to aid in the understanding of the invention and portions or 
structures of a sample may be subject to simultaneous multiple measurements 
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as described herein). Superimposed on the middle two features of the sample is 
vertical rectangle 920 defining the spatial region that is imaged onto the 
spectrometer's entrance slit. While a significantly larger region may actually be 
illuminated on the sample, only the light reflected from the specified area will be 
collected by the spectrometer and hence recorded by the detector. The width and 
height of this region are a function of the slit width 930 and slit height 940 of the 
spectrometer entrance slit in combination with the supporting collection and 
illumination optics chosen. Exemplary slits may have widths on the order of 20- 
30 microns and heights on the order of 1 centimeter. As shown in the example of 
Figure 9, the sample and slit may be considered as formed of rows and columns 
(a row being from left to right on the page such as rows 950, and columns being 
from top to bottom on the page). The information from the sample that passes 
through the entrance slit of the spectrometer is then diffracted by the diffraction 
grating and then presented to the array detector. The row information of the 
sample physically maps to rows on the detector, however, the column 
information does not as the diffraction grating disperses the column information 
such that given wavelength components originating from all columns will map to 
a single column on the detector. As a result, data corresponding to different 
vertical positions (i.e. rows) on the sample are imaged onto different vertical 
positions (rows) of the detector, 

[0081] As the detector is comprised of a series of pixel rows (typically 256, 
512 or 1024) each individual row of pixels will record data corresponding to 
different discrete locations on the patterned sample. This point is illustrated on 
the right hand side of Figure 9 which presents reflectance spectra plots 960 
collected from five separate row sites 950 on the sample 550. Thus, for any 
given row site 950 of sample information a spectra plot for a range of 
wavelengths may be obtained. Moreover, the array detector may simultaneously 
collect information from multiple separate row sites 950. Thus, data for multiple 
wavelengths and for multiple row sites may be simultaneously collected. The 
resolution of the individual rows of sample sites that may be detected is 
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dependent upon the pixel height utilized in the array detector. Through selection 
and/or adjustment of collection and illumination optics, entrance slit width and 
detector binning configurations, a range of measurement sites of various sizes 
may be achieved. In this fashion a two dimensional region of a sample may be 
illuminated by the optical path and the data from the two dimensional region may 
be recorded on the two dimensional array detector. As shown in the spectra 
plots 960 of Figure 9, such techniques may be utilized to characterize the sample 
structures 900 and/or distinguish the sample structures 900 from unpatterned 
regions of the sample. Further, though the slit width is shown as mapping a 
given row only upon the sample structure 900, the sample may be moved (ieft or 
right in the figure) such that the a given row of the slit width overlaps both 
patterned and unpatterned regions thus provided data indicative of a combination 
of both regions. 

[0082] The ability to simultaneously collect data from a number of discrete 
locations within a given localized region provides advantages wiih regards to 
measurement throughput since a significant portion of measurement time per site 
in a conventional instrument results from sample placement (i.e. precise 
adjustment and positioning of sample sites into measurement location). 
Additionally, this unique capability may also prove useful in applications where 
comparative measurements between closely separated sites are of interest. 
Typical examples include, but are not limited to, dishing and erosion studies 
relating to chemical mechanical polishing applications. Thus, rather than having 
to take separate multiple measurements performed in conjunction with 
movement of the sample, a single measurement may return data that relates to 
multiple positions in a two dimensional area of the sample. It will be recognized 
that in such techniques the quality of the optical elements (such as mirrors, beam 
splitters, etc.) should be such that a larger distortion free area is provided as 
compared to applications in which two dimensional measurements are not being 
utilized. Thus, the optical VUV reflectometer system provided herein may also 
be characterized in one embodiment as a two dimensional reflectometer system. 
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It will be recognized that many uses of such two dimensional data collection will 
advantageously be utilized with a camera element as described above such that 
pattern recognition of the two dimensional sample area that is being analyzed 
may occur. 

[0083] The systems and techniques described herein are particular 
advantageous for use in applications where a high speed measurement is 
desirable. In addition to the capability of obtaining data from a number of 
discrete locations within a given localized region, these measurements may be 
obtained without the need for slow step and scan techniques that utilize movable 
diffraction gratings. 

[0084] As a result of the absorption issues discussed earlier, small 
environmeniai perturbations can significantly influence measured data at VUV 
wavelengths. Along these lines, it is desirable to provide an apparatus which can 
perform measurements in a short time period in order to minimize deleterious 
effects resulting from environmental changes occurring during the measurement 
process. Furthermore, it is desirable to provide a means by which the measured 
data can be referenced to a known standard for the purposes of data 
normalization. Additionally, the means of referencing should be such as to further 
minimize and/or eliminate altogether errors introduced by data altering 
environmental changes which may occur between the conclusion of a calibration 
measurement and the commencement of subsequent sample measurements. 

[0085] Referencing is necessary to ensure that changes in the system (i.e. 
output of source, environmental conditions, etc.) are properly accounted for and 
do not result in inaccurate data. While essential to ensure stability of 
reflectometry results in any wavelength regime, referencing is of more 
importance when operating in the VUV due to the lower available photon flux and 
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the heightened sensitivity of the recorded data to the composition of the gaseous 
medium contained within the optical path. 

[0086] Referring again to Figure 5, in the VUV apparatus describe herein, 
data referencing is accomplished through use of a reference beam channel 506. 
As described more herein, it is desirable that the reference beam channel be 
balanced (or of the same beam length) as the source beam channel 508. This 
reference beam channel 506, illustrated in Figure 5, is created at Beam Splitter 1 
as the source beam is split into sample and reference components. This beam is 
transmitted through the beam splitter and reflected off Mirrors 6, 7 and 8 before 
reflecting off Mirror 9. The beam then reflects off Beam Splitter 2 to thereafter 
follow the identical path to the detector as described for the sample beam 
channel 508 earlier. Controllable apertures may be utilized to selectively enable 
or disable the reference beam channel and the sample beam channel. For 
example, the apertures may be formed from controllable optical shutters. During 
the reference measurement Shutter 1 is dosed, while Shutters 2 and 3 remain 
open. 

[0087] To one skilled in the art it will be apparent that if the optical paths 
traveled by the sample and reference beams from Beam Splitter 1 to Beam 
Splitter 2 are precisely adjusted such that they are near-identical in length they 
form the two arms of a near-balanced Mach-Zehnder interferometer. It will also 
be readily apparent that there exist many other equivalent arrangements 
incorporating other interferometer designs for achieving this objective. An 
example of one such alternate embodiment is illustrated in Figure 10, wherein a 
Michelson interferometer is incorporated into the design. Though not shown other 
elements of the systems of Figures 2 or 5, such as coupling mechanisms, a 
camera, a purge or vacuum system, a processor, etc. may be incorporated with 
the use of the system of Figure 10. In the arrangement of Figure 10, light from 
the source 1010 is collimated by Mirror 1 and directed towards the Beam Splitter 
1020 where the sample beam 1030 and reference beam 1040 are split. The 
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sample beam 1030 travels through Shutter 1 and is focused onto the sample 
1050 by an off-axis parabolic reflector (Mirror 2). Light from the sample is 
captured by the same optic and travels back along its original path. The beam 
then travels through the Beam Splitter 1020 and is focused onto the entrance slit 
1060 of the spectrometer 1070 by another off-axis parabolic reflector (Mirror 3) 
and finally directed toward an array detector 1080. During the sample 
measurement Shutters 1 and 2 are open, while Shutter 3 remains closed. 

[0088] During the reference measurement, the reference beam 1040 passes 
through the Beam Splitter 1020 and Shutter 3 before it is reflected back aiong its 
path by Mirror 4. It then reflects off the Beam Splitter 1 020 and is focused onto 
the entrance slit 1060 of the spectrometer 1070 in a similar fashion to the sample 
beam. During the reference measurement Shutters 2 and 3 are open, while 
Shutter 1 remains closed. 

[0053] The benefit of these reference configurations can be described as 
follows. As the attenuation of VUV photons due to absorbing atmospheric 
species is a function of optical path length (the longer the path, the more 
absorbing molecules encountered), and as the dependence is non-linear in 
nature, it follows that the sample and reference arms should be substantially of 
the same length if similar attenuation effects are to be encountered by each 
beam. If this is not the case, and the arms are of different lengths, then data 
taken at any time following a calibration measurement will only be accurate if the 
concentration of absorbing species in the environment is precisely identical to 
that present when the calibration measurement was performed. As this condition 
is virtually impossible to ensure in remains highly improbable that accurate 
results can be obtained unless the sample and reference path lengths are equal. 

[0090] As described in more detail below, providing a reference beam allows 
for measurements to be obtained that indicate conditions of the optical 
reflectometer system. For example, the presence of absorbing gases within the 
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optical reflectometer system can greatly affect the data obtained from a particular 
sample. The reference beam channel provides a mechanism that is indicative of 
environmental or other system conditions. The data obtained from the reference 
channel may then be utilized to adjust or correct the data obtained from a 
sample. Thus, the use of a reference beam to provide a mechanism to indicate 
the environmental conditions of the optical path allows for increased accuracy in 
calculations made from the data obtained from the optical metrology system. In 
addition, the use of a reference beam may allow suitable sample data to be 
obtained over a wide range of environmental conditions, thus lessening the 
environmental criteria, particularly for lower wavelength measurements. 

[0091 J In addition to ensuring that highly accurate reflectance data is 
obtained, the reference channel arrangement also provides a number of other 
direct benefits. Firstly, the referencing scheme extends the range of acceptable 
environmental operating conditions over which reliable and accurate data can be 
obtained. Quite simpiy, as long as the concentration of absorhing species is 
sufficiently low enough to permit a measurable fraction of VUV photons to leave 
the source, reflect from the sample and reach the detector, accurate 
measurements can be performed. This reduces the requirements on the 
controlled environments and makes data collection over a wider range of 
conditions possible. In essence the reference method enables accurate 
measurements to be performed over a wide range of suitable, as opposed to 
reproducible, environments. As well, the interferometer approach herein 
described, not only balances the path lengths of the channels, but also acts to 
balance the spectral intensity profiles seen by the detector. This is important as it 
allows for longer integration times and helps to mitigate any non-linearity effects 
which may be inherent to the detector. 

[0092] In yet another embodiment of the invention virtually all of the optical 
elements, with the exception of the sample itself, are housed within the 
instrument chamber. This configuration, illustrated in Figure 11, significantly 
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reduces the spatial requirements of the sample chamber, rendering it well suited 
to integrated process control applications. As shown in Figure 11, an optical 
reflectometer metrology tool 1100 is provided. A source 1110, spectrometer 
1170, and array detector 1180 are provided within an instrument chamber 1102. 
Also provided within the instrument chamber are all of the optical elements of 
both the sample beam path and the reference path. Thus, mirrors 1-6, and 
shutters 1-3 are all located within the instrument chamber 1 102. Mirror 2 focuses 
the beam down (into the plane of the figure) through a coupling mechanism 1 106 
into the sample chamber 1104. From the sample 1150, the sample beam then 
travels up (out of the plane of the figure) through the coupling mechanism to 
mirror 3. As shown in Figure 11, the reference beam path passes through two 
coupling mechanisms 1105 (such as windows or gate valves) that couple the 
reference beam from the instrument chamber 1102 into the sample chamber 
1 104 and back into the instrument chamber 1 102. In this manner the reference 
beam is subjected to the environment of the sample chamber just as the sample 
beam is. ideaiiy, ihe distance that the reference beam travels in the sample 
chamber 1104 will match the distance that the sample beam travels in the 
sample chamber. Further, it will be noted that the reference beam passes 
through a coupler mechanism twice just as the sample beam does. Thus, the 
optical path of the reference beam is designed to closely simulate the conditions 
of the sample beam. In this manner, the optical paths of the reference beam and 
the sample beam are similar both overall and with regard to the individual paths 
in the instrument chamber and the sample chamber. It will be recognized that 
the path and arrangement of coupling mechanism shown in Figure 11 is 
exemplary and other paths and arrangements may be utilized while still achieving 
the benefits described herein. 

[0093] Figure 11a illustrates the Figure 11 arrangement of the instrument 
chamber 1 102 containing mirrors 2 and 3, the coupling mechanism 1 106, and the 
sample chamber 1 104 that contains the sample 1 150. As shown in Figure 11a, 
the sample beam 1107 and the reference beam 1109 travel through the sample 
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chamber 1104. It will be recognized that although perhaps less desirable, a 
system may be configured such that the reference beam does not pass through 
the sample chamber. Such a configuration may be utilized, for example, when 
the path length traveled by the sample beam in the sample chamber is 
sufficiently short and where the concentration of absorbing species in the sample 
chamber are sufficiently well-controlled, with respect to an initial calibration time 
and a later sample measurement time, so that errors introduced by such a 
configuration are within an acceptable error tolerance. In such a case, the 
reference beam may be configured so that both the reference beam and the 
sample beam travel the same optical distance in the instrument chamber. As the 
reference beam only travels in the instrument chamber the total beam path will 
thus be different. In this manner the environment that the two beams are 
subjected to are still generally matched (except with regard to the path length in 
the sample chamber). This condition may be realized in cases where the 
sample chamber is purged with a high quality non-absorbing gas or where it is 
evacuated using high vacuum equipment. 

[0094] The systems of Figure 11 and Figure 11a may be utilized as stand- 
alone tools or may be integrated with another process tool. In one embodiment, 
the system of Figure 11a may be merely attached to a process tool with some 
mechanism that allows for transport of the sample between the process tool and 
the metrology tool sample chamber. Figure 11b, however, shows an alternative 
manner for integrating the optical reflectometer metrology tool with a process 
tool. As shown in Figure 11b, the instrument chamber 1102 is coupled to a 
coupling mechanism 1 106. The coupling mechanism 1 106 may be for example a 
window. In this case the coupling mechanism 1 106 may be a gate valve that is 
formed on a process tool 1105 or some other mechanism that allows the 
environment of the process tool 1105 to be shared with the sample chamber 
1 104. As shown in Figure 11b, the sample 1 150 need not leave the environment 
of the process tool, rather the sample 1150 may be contained within a region 
1175 of the process tool. Region 1175 may be a processing chamber, a 
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transport region or other region within the process tool. In the example shown, 
when the coupling mechanism 1106 (such as a gate valve) is opened, the 
environment between the region 1175 and the sample chamber 1104 is shared 
(note although called a sample chamber, sample chamber 1104 never receives 
the sample but rather has an environment that is shared with the region that 
contains the sample). Alternatively opening the coupling mechanism may be 
considered to effectively expand the sample chamber 1104 to include the region 
1175. In this manner environmental conditions such as the concentrations of 
absorption species may be similar between the region 1175 and the sample 
chamber 1104. The beam paths for the reference beam 1109 and the sample 
beam 1107 may be again designed to be of similar length within the common 
environment of the region 1 175 and the sample chamber 1 104. The mechanism 
of Figure 1 1 b is also advantageous in that integration may be accomplished with 
the sample tool by providing a single simple coupling mechanism, such as a gate 
valve. As noted above, if the environment within the region 1175 can be closely 
controlled, it may be possible to achieve measurements within an acceptable 
error tolerance without sharing the environment between the sample chamber 
and the region 1175. In such a case r the coupling mechanism 1106 may be a 
window and the metrology tool would not need a sample chamber 1 104. 

[0095] The process tool 1105 of Figure 11b may be any type of sample 
processing mechanism, such as for example, a deposition process tool, an etch 
process tool, a photolithography process tool, a planarization process tool, etc. 
In this arrangement, the sample will be contained within the process tool 1105. 
The process tool may contain a sample that is located in an optical path that may 
be accessed by the beam through the coupling mechanism 1106. The sample 
may be a located in a process tool sample chamber that is dedicated for use for 
metrology measurements or may be located within some other region of the 
process tool. In the configuration of Figure 11b, the optical reflectometer 
metrology tool 1 100 thus may be a separate add on unit that is comprised of an 
instrument chamber 1 102 (and associated elements) that may be connected to a 
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process tool 1105 that has a coupling mechanism 1106. The configuration of 
Figure 11b is advantageous in that the optical metrology tool is easily adaptable 
for use with a wide variety of process tools because the process tool 
manufacture need only provide a coupling mechanism on the process tool 
without having to incorporate significant metrology elements within the tool itself. 

[0096] With the arrangements of Figures 11, 11a and 11b, the optical path 
length within the sample chamber can be quite short, relative to that enclosed 
within the instrument chamber. In a preferred embodiment the optical path in the 
sample chamber could be short within the range of microns. Alternatively, to 
ease design of the process tool the path could be much longer in the range of 
hundreds of centimeters. The longer the optical path, however, the more 
desirable it is to minimize the presence of absorbing features and thus increases 
the environmental demands placed upon the sample chamber. If a short optical 
path is utilized, the requirements on the quality of the sample chamber 
environment are reduced, thereby reducing settling times sr.d increasing sample 
throughput. A further benefit arises as optical surfaces housed within the 
continuously maintained instrument chamber are less susceptible to 
contamination than if they were resident in the cyclic environment of the sample 
chamber. While not explicitly denoted in Figure 11, it is implied that the optical 
path lengths of the reference and sample beams are near identical either through 
judicious design of the sample chamber itself or by some other means of 
adjustment or positioning of the sample, or one or more of the coupling 
mechanisms between the sample and instrument chambers. Figures 11, 11a, 
and 11b illustrate the use of a sample chamber of reduced size. It will again be 
recognized that other features and elements of the systems of Figures 2, 5, 11, 
11a, and/or 11b may be interchanged with each other even though all of such 
features or elements are not illustrated within the figures. Thus, for example an 
optical reflectometer metrology tool of Figure 11 may utilize camera, a purge or 
vacuum system, a processor, a Michelson interferometer design, etc. and it will 
be recognized that the system shown in any particular figure is not limited to use 
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with only those elements illustrated or the arrangement of the elements as 
shown. 

[0097] The beam splitters employed in the device can be of various designs. 
For example, the beam splitters may be partially transmissive beam splitters that 
obscure the entire beam diameter or fully reflecting mirrors obscuring some 
portion of the entire beam diameter. If operation at wavelengths above 1 15 nm is 
desired and VUV photon flux is sufficient, then conventional thin film interference 
beam splitters employing MgF 2 substrates can be utilized. A particularly well- 
suited beam splitter for this application is produced by Acton Research 
Corporation (Model VUVBS-45-MF-2D). Typical reflectance and transmittance 
properties for this beam splitter are presented in Figure 13 as plots 1310 and 
1320. Plots 1310 and 1320 respectively illustrate the % reflectance at 45° and 
the % transmission at 45° as a function of wavelength. If operation at 
wavelengths below 115 nm is desired, or if photon levels are sufficiently low 
enough, a spatial beam splitter (totally reflecting mirror bisecting the optical path) 
or flip in mirror approach (replace Beam Splitters 1 and 2 with flip in mirrors and 
eliminate Shutters 1 and 2) can be used. 

[0098] Mirrors 6, 7 and 8 provide a means of adjusting the path length in the 
reference arm such that it closely parallels the path length in the sample arm 
such as for example as shown in Figure 5. Those skilled in the art will recognize 
that there exist many alternate means of accomplishing this objective. For 
example, a configuration as shown in Figure 1 1 may be utilized in which mirrors 
7 and 8 are absent. The benefits associated with this effort are apparent upon 
examination of Figure 14 where the difference in absorbance between the 
sample and reference arms is plotted for different path length differences and 
concentrations (in PPM) of 0 2 and H 2 0 contaminants. Figure 14 plots the 
difference in concentrations of the contaminants from an initial time when the 
system is calibrated and at a later time when an unknown sample is measured 
versus the differences in path lengths of the sample and reference channels of 
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the instrument. The plots 1410, 1420 and 1430 correspond to lines of absolute 
errors of 0.01%, 0.10%, and 1% that will be introduced in the measured 
reflectance data for a specific set of concentration and path length differences. 
Thus, for example, point 1445 illustrates that an approximate absolute error of 
0.01% may result if the concentration difference between the time the calibration 
sample is measured and the time the sample measurement is measured is 
between 1.0E+01 and 1.0E+02 and the path length difference is approximately 
0,01 centimeters. It will be recognized that Figure 14 is an exemplary graph to 
demonstrate the principles described herein. For example the graph in Figure 14 
assumes that the O2 and H 2 0 change together (i.e. a concentration difference of 
10PPM corresponds to a 10 PPM change in 0 2 and a 10 PPM change in H 2 0). 
Further, it will be recognized that other contaminants that are absorbing species 
may be present. In addition, though Figure 14 presents data at a wavelength of 
145 nm, other wavelengths will similarly reflect the concepts described. 

[0099] Thus if a particular application requires that errors be heid below 0.1% 
and if the concentration of absorbing species in the sample chamber can be 
expected to change on the order of 100 PPM between the initial calibration and 
the final sample measurement time, then as reflected in Figure 14 a maximum 
path length difference may be calculated. In the example presented, such path 
length difference may be less than about 0.025 cm. If the expected 
concentration differences are expected to be larger, the acceptable path length 
differences will be reduced. Likewise, if error must be held lower than the 
acceptable path length differences (for a given concentration difference) must be 
lower. It is noted that these effects are highly dependent upon the presence of 
absorbing species in the ambient and that the absorbance differences for a given 
path length difference increase non-linearly as the environment degrades. 

[00100] While different applications can sustain different degrees of 
inaccuracy, it is likely that in many applications one would generally prefer to 
keep such errors less than 0.1% and in some cases below 0.01% or less. The 
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range of concentration differences that could be encountered would depend to a 
large extent on how the instrument was designed and employed. For example, 
stand alone systems may be designed for use with adequate purge and/or 
vacuum control such that it is likely that concentration differences could 
maintained at very low levels (on the single digit PPM level), whereas in 
integrated applications where the metrology instrument is attached to other 
process tools such as described with reference to Figure 11b (and hence some 
fraction of the sample chamber resides within that other process tool), it may not 
be possible to control the differences. 

[00101] During both the sample and reference measurements Shutter 2 of the 
embodiments described above with respect to Figures 5, 10 or 11 acts to 
accurately control the duration of the measurement, which directly impacts the 
accuracy of the measured data. As such, Shutter 2 is preferably a high speed 
electronic shutter that can be precisely controlled on the millisecond timescale. 
An example of such a shutter is Modei 76994 manufactured by Thermo Oriel of 
the United States. Shutter 2 also acts to prevent light from the source from 
reaching optical surfaces in the instrument during times when measurements are 
not actively underway in order to prevent changes in those surfaces which may 
result from prolonged exposure to the light from the source. 

[00102] It is important to note that using the designs presented herein, signals 
from both the sample and reference channels are dispersed using the same 
region of the diffraction grating within the spectrometer and are recorded using a 
common detector. This helps to avoid inaccuracies resulting from differences in 
the local performance of a grating and differences in responses between multiple 
detectors. 

[00103] Additionally, it is desirable that a means exist for adjusting or tuning the 
angles upon which the sample and reference beams enter the spectrometer, 
such that the two beams are coincident. Differences between the entrance 
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angles of the two beams may result in complications including, but not limited to, 
artifacts and unwanted features in the ratio of the two signals owing to different 
effective spectral resolutions (since the two beams "see" different effective slit 
widths). An effective means of adjusting the entrance angles can be provided 
through use of a standard kinematic mounting apparatus with which to hold 
Beam Splitter 2. One skilled in the art will recognize that many other means of 
adjusting the entrance angles could also be employed. As mentioned above, it 
may be desirable to closely match the optical path distance of the sample and 
reference beams such that near equal optical path lengths are obtained. It may 
be desirable to also match the number and types of optical elements such as 
mirrors, beam splitters, etc. so that reference and sample paths having 
substantially similar characteristics are provided. However because absorption 
resulting from environmental conditions of the chamber may be a dominating 
factor, the optical path distance may be the most critical factor in matching the 
beam paths. 

[00104] In view of the challenges presented by environmental absorption, it is 
desirable to reduce the overall path length of the device to as short as is 
practically possible. Limitations on the extent to which this design parameter can 
be optimized will depend on a number of system characteristics including, but not 
limited to, the brightness of the source and spectral resolution required. 
Moreover, it is also beneficial to reduce the volume of the instrument so as to 
minimize the settling time and quantity of purge gas required to purge the 
instrument and/or sample chambers. Both of these characteristics can be 
expected to be influenced to some extent through introduction of forced 
circulation and intelligent mechanical design to ensure sufficient mixing of gases 
occurs. 

[00105] The controlled environment of the instrument brings with it a number of 
related benefits. Firstly, the use of vacuum or high purity purge conditions 
necessarily implies an absence of potential contaminates which could lead to 
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oxide growth, hydrocarbon build up, moisture adsorption and the like. This 
consideration becomes increasingly important as leading edge wafer processing 
techniques incorporate thinner layers and smaller features, which are now 
comparable to and/or smaller than the dimensions associated with the thickness 
of films inadvertently created through contamination processes. In applications 
where ultra-thin layers are involved it is likely that improvements in measurement 
accuracy may be realized through pre-measurement treatment of samples in an 
optional desorber unit (see Figure 2) in order to remove contamination layers 
which may be present. As known in the art, such a desorber may remove 
moisture and other contaminates such as hydrocarbons by using thermal 
heating. This capability would also play a key role in ensuring the accuracy of 
calibration and test materials. A further benefit of the controlled environment is 
that it would provide excellent measurement stability, as the temperature and 
particulate levels within the instrument could be well controlled. 

[00106] It may be noted that ihe referencing techniques described herein 
provide advantages beyond traditional calibration techniques and that the 
referencing techniques may be used in combination with calibration techniques 
and/or in place of calibration techniques. In traditional calibration techniques a 
reference having a known characteristic (such as a known reflectance) is 
provided for measurement. The measurement from the known sample is then 
utilized to assist in analyzing the data that is obtained from a measurement taken 
from the unknown sample. Such calibration techniques, however, are time 
consuming if a calibration is performed before every measurement is made on an 
unknown sample (particularly if multiple measurements are performed upon each 
sample). In addition, calibration itself introduces errors in that the quality of the 
calibration sample may degrade overtime (for example as the calibration sample 
becomes contaminated over time). In addition, the movement of a calibration 
sample into and out of a sample chamber may introduce further environmental 
changes that affect the accuracy of the data analysis. The reference techniques 
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described herein may be accomplished without the mechanical introduction of 
error. 

[00107] The referencing technique provided herein may be performed, 
however, quickly and with minimal system impact. Thus for example, a reference 
measurement may be easily obtained prior to every measurement collected from 
a sample. Thus real time data referencing closely in time to the sample data 
collection may be obtained to indicate the conditions of the metrology system. 
Further, this referencing data may used to adjust the sample data because 
system absorption effects have been detected. In addition this reference data 
may truly characterize the system without being dependant upon a standard 
sample. This referencing data may also be used to adjust the sample data 
because other system changes have occurred (i.e. like changes in source 
output). The referencing techniques also may be combined with traditional 
calibration techniques to more fully characterize collected data. Thus, a system 
calibration may be performed upon some periodic basis (once a day, once a 
week, etc.) and the reference techniques may be performed significantly more 
frequently, for example once per sample or prior to every measurement taken 
from a sample. 

[00108] An example of the typical steps involved in a calibration, referencing 
and measurement sequence 1200 are provided in a high level in Figure 12. As 
shown by step 1202 a calibration sample may be loaded into a sample chamber 
and a suitable system state (such as absorbing species) may be established. 
Then, measurements may be performed on the known calibration sample in 
order to calibrate the optical reflectometer system as shown by step 1204. It will 
be noted that the system may be actually calibrated at this time or the calibration 
data may be merely collected to be utilized to adjust any final data results 
presented from measurements made on an unknown sample (such as 
adjustments implemented through subsequent software algorithms). 
Measurements of the reference channel may then be obtained as shown by step 
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1206 in order to characterize and record the state of the reflectometer system at 
the time that the calibration measurement was performed. It will be noted that as 
shown, the measurements of the referencing channel are shown to be performed 
after the measurement on the calibration sample, however, the referencing 
measurements may be performed prior to the calibration measurement. It is 
desirable, however, for such measurements to be made relatively close in time 
so that the system characteristics at the time of calibration may be determined. 

[00109] Next an unknown sample that is desired to be analyzed may be loaded 
into a sample chamber and a suitable system state (such as absorbing species) 
may be established as shown by step 1208. An optical reflectometer 
measurement may then be obtained from the unknown sample as shown in step 
1212. Measurements of the reference channel may then be obtained as shown 
by step 1214 in order to characterize and record the state of the reflectometer 
system at the time that the measurement on the unknown sample was 
performed. Once again it will be noted that as shown, ihe measurements of the 
referencing channel are shown to be performed after the measurement on the 
unknown sample, however, the referencing measurements may be performed 
prior to the unknown sample measurement. Finally, as shown in step 1216, the 
results of the sample measurement may be adjusted using recorded information 
from the reference measurements performed at the time of the system calibration 
measurements and at the time of the sample measurement. These adjustments 
are made in order to remove errors resulting from changes in the state of the 
system. Thus in this manner changes in the concentration of absorbing species 
at the time of calibration and the time of measurement of the unknown sample 
may be accounted for. Thus, the reference beam may be utilized to assist in 
characterizing the ambient environment concentrations or differences in the 
concentrations, particularly where other variables such as path length differences 
are known or may be accurately estimated. As will be described in more detail 
with reference below to Figure 14, the presence of non-zero path length 
differences between the reference beam path and the sample beam path will limit 
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the accuracy of corrections that may be made due to absorbing species 
concentration variations. Additionally, changes that may be accounted further 
include changes in elements of the system that are common between the 
reference beam path and the sample beam path which may exist between the 
time of calibration measurements and the time of the unknown sample 
measurements. For example changes of characteristic of the source, shared 
optics, the spectrometer, the detector, etc. may be addressed. Such changes 
may be the result of age/lifetime variations, temperature variations, mechanical 
variations, etc. 

[00110] A more detailed example of the typical steps involved in a calibration, 
referencing and measurement sequence 1200 are provided in the flowchart of 
Figure 12a. As indicated by step 1205, a calibration sample with a known 
reflectance may be loaded into a location for measurement (such as within a 
sample chamber) and then purging and/or vacuum pumping may occur to 
establish suitably low environmental concentrations of absorbing species. An 
optical reflectometer measurement may then be obtained from the calibration 
sample to record an intensity of the calibration sample as indicated by step 1210. 
Such data may be saved by the processor or other computing system. Next a 
source intensity profile may be calculated as indicated by step 1215. Step 1220 
includes recording the intensity of the reference channel at a time t|. Utilizing the 
prior recorded and calculated data, a reference reflectance may then be 
calculated as shown in step 1125. 

[00111] Next the unknown sample may be loaded into the system and the 
suitable concentrations of absorbing species may be again obtained as indicated 
by steps 1230. Another reference measurement may then be recorded and 
saved as indicated by step 1235 where the intensity of the reference channel is 
recorded for time t 2 . The source intensity profile is then calculated again in step 
1240 using the data from step 1235. The source intensity profile may be 
rewritten as shown in step 1245. The intensity of the unknown sample may then 
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be recorded as shown in step 1250 and the sample reflectance can be calculated 
as shown in step 1255. The sample reflectance may be calculated utilizing the 
rewritten equations of steps 1260 and 1265. It will be noted that the exponential 
term the equation of step 1265 is written for the case of two beams (sample and 
reference) in a single chamber. In the more complicated case of two chambers it 
would expanded to include two exponential components, one to characterize the 
differences in the first chamber and the second to characterize the differences in 
the second chamber. 

[00112] Additional measurements may then be performed on the same 
unknown sample or another unknown sample. It will be recognized that for such 
additional references another loading and measurement of a calibration sample 
may not occur for each of such measurements, but rather, the calibration data 
may be stored for re-use and only the referencing and unknown sample steps 
need be performed again. In yet another embodiment, the data of the 
referencing steps may also be reused suuh that additional referencing is not 
performed for every additional unknown sample measurement. Thus, it will be 
recognized that the referencing techniques described herein may utilized in a 
wide variety of manners while still obtaining at least some of the benefits of the 
referencing techniques. 

[00113] As indicated in steps 1255-1265 of Figure 12a, the dependence of the 
path length and concentration differences are clearly shown. As also indicated in 
step 1265, when the path length difference (Lsample - Lreference) decreases 
toward zero, any error caused by the exponential dependence term is reduced 
since when the difference approaches zero the exponential term approaches 
unity. It is noted that this will occur independent of the differences in the 
concentrations (N2-N1). In addition to the typical steps illustrated in the figure, it 
is recognized that a background measurement performed in the absence of light 
(i.e. a measurement with both sample and reference shutters closed) would be 
recorded and subtracted from all subsequent measurements. By nature of the 



METR:003 



Page 41 



fact that the detector used in the instrument is both cooled and temperature 
controlled it is unlikely that such background measurements need be performed 
regularly as the background levels associated with such a detector configuration 
would be expected to be low and highly stable. 

[00114] It will be recognized that advantages of the optical metrology systems 
disclosed herein may be obtained without requiring the use of the referencing 
techniques described above. Thus, the systems and techniques disclosed herein 
may be implemented independent of the referencing techniques or in 
combination with the referencing techniques. Further, the referencing techniques 
provided herein may be utilized with optical metrology systems different from 
those disclosed herein or with systems that operate at different wavelengths. 
The referencing techniques and the optical metrology systems disclosed herein, 
may however, be particularly advantageous when used in combination. 

[00115] While not shown in Figures 12 and 12a, it may also be useful in 
situations, where significant levels of stray-light are present, to perform an 
additional corrective step during the data acquisition process. Stray light refers to 
light generated through scattering processes at optical surfaces in the beam path 
of the system. The presence of such light can ultimately result in spurious counts 
recorded by the detector (i.e. light of wavelength other than Ao that is incident 
upon the pixel corresponding to A 0 ). While the VUV apparatus described herein 
has been designed such to considerably reduce the generation of stray light 
within the device, it may still be advantageous to correct for this phenomena in 
some circumstances. 

[00116] One approach to correct for stray light within the system involves 
attempting to record light below the spectral range of the instrument (i.e. below 
the lower wavelength cutoff of the device). Any signal recorded below this region 
should not, by definition exist, and is instead assumed to have been created 
through scattering processes. Equipped with an understanding of the intensity of 
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such signal, as a function of wavelength, it is possible to subtract the appropriate 
"stray light" contribution from longer wavelength regions within the spectral range 
of the instrument where "real" signals are simultaneously being recorded. 

[00117] The concepts disclosed herein provide a VUV optical reflectometer 
metrology tool. The design of the tool is simple and robust rendering it easy to 
operate at VUV wavelengths. Further, the tool avoids many of the problems 
associated with ellipsometry techniques. For example, the tool and techniques 
disclosed herein may be utilized without polarization elements. In ellipsometry, 
the change in the polarization state of light reflected from the surface of a sample 
is measured. Typical ellipsometry techniques incorporate use at least two 
polarizing elements (one in the optical path prior to the sample and one in the 
optical path after the sample). Such techniques are time consuming because of 
the nature of collecting data for multiple polarization angles. In addition, 
polarization elements are generally absorbing thus making them unsuitable for 
low wavelength measurements, particularly in the VUV regions of about 140 nm 
or less. Thus, the systems and techniques described herein (which may be 
utilized without polarizing elements) are particularly advantageous for use with 
wavelengths that are low end VUV regions (or lower). The absorbing nature of 
polarizing elements also increases the time necessary to collect sufficient light to 
obtain a measurement. 

[00118] Thus, it may be desirable to provide a reflectometer tool utilizing the 
techniques disclosed herein with a non-polarizing optical path such that a 
polarization independent measurement may be obtained. The polarization 
independent techniques shown herein provide a phase independent reflectivity 
amplitude measurement. The reflectometer tools described herein typically 
include multiple wavelengths within the optical path until the optical path hits the 
diffraction grating, at which point the wavelengths are spatially separated. 
Ellipsometry techniques traditionally involve filtering the light source to a single 
wavelength at some point in the optical path. It should be noted that at least 
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some of the techniques and tools described herein may be useful for applications 
known as polarized reflectometry. Such applications may typically use a single 
polarizing element located either before or after the sample to enable collection 
of reflectivity amplitude data in one of two possible polarization states. 

[00119] The tools and techniques disclosed herein also are advantageous 
compared to ellipsometer techniques because of the smaller angle of incidence 
that is required of the optical beam with reference to the sample. Thus for 
example as shown with reference to Figure 1 1a, an angle of incidence <j> of 1 0° or 
less and even 4° or less is possible utilizing the techniques disclosed herein as 
opposed to ellipsometer techniques which often utilize angles of incident on the 
order of 70°. This is advantageous as the footprint of the metrology tool is 
smaller and the integration of the metrology tool with process tools is simpler. 
For example, it is possible to integrate the metrology tools disclosed herein with a 
process tool through the use of one coupling mechanism as opposed to requiring 
multiple coupling mechanisms. 

[00120] Once spectral reflectance data is recorded by the detector, it is sent to 
the processor unit depicted in Figure 1 , where it is subsequently reduced via 
analytical algorithms. These algorithms may generally relate optical data, such as 
for example reflectance, to other properties of the sample which can then be 
measured and/or monitored. If the sample is comprised of a thin film 1505 (or 
stack of thin films) on a substrate 1510, then the situation can be depicted as in 
Figure 15 and the associated sample properties may include quantities such as 
for example, but not limited to, film thickness, complex refractive index, 
composition, porosity and surface or interface roughness. 

[00121] Data reduction is generally accomplished using some form of the 
Fresnel equations in combination with one or more models to describe the optical 
properties of the material or materials comprising the sample. There are a large 
number of such models in existence with differing degrees of applicability, 
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depending on the nature of the materials involved. Frequently used models 
include, but are not limited to, the effective median approximation (EMA) and 
variations on what is commonly referred to as the "harmonic oscillator". 
Regardless of the specific models used in the reduction of the data set, the 
greater goal is generally to use a valid mathematical expression to describe the 
measured data such that certain parameters relating to properties of the samples 
(as discussed above) can be obtained through an iterative optimization process. 
That is, the measured data set is compared to one calculated using an 
expression that depends on a set of parameters relating to the nature of the 
sample. The discrepancy between the measured and calculated data sets is 
minimized by iteratively adjusting the values of the parameters until such time as 
adequate agreement between the two data sets is achieved. This discrepancy is 
usually quantified in terms of a "goodness of fit" parameter. 

[00122] As many materials exhibit significantly more structure in the VUV 
region of their optical properties, than at longer wavelengths in the deep-ultra- 
violet (DUV) and visible regions, there is a considerable advantage associated 
with the extended data range afforded by the VUV apparatus described herein, 
particularly as is relates to the data reduction process. This point is illustrated 
through the examples provided in Figure 16 and Figure 17. The two curves in 
Figure 16 represent the measured reflectance spectra 1610 (solid line) and 
calculated reflectance spectra 1620 (dotted line) of a thin (~ 50 A) aluminum 
oxide (Al 2 0 3 ) layer deposited on a silicon substrate. The calculated result was 
obtained using the data reduction methods outlined above. As is evident, 
excellent agreement is obtained between the measured and calculated spectra, 
providing a high degree of confidence in the accuracy of the acquired results. 

[00123] The n and k values (the values of the real and imaginary parts 
respectively of the complex index of refraction) obtained for the Al 2 0 3 layer are 
presented in Figure 17. As is evident from the plot 1710 of n values and the plot 
1 720 of k values, the optical properties in the DUV and visible region show little 
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in the way of defining structure, as the main peaks associated with the n and k 
spectra reside exclusively at shorter wavelengths in the VUV. As the parameters 
in the fitting algorithm are inherently related (among other things) to the position, 
amplitude and breadth of these peaks it follows that an accurate determination of 
such parameters is greatly aided by providing the fitting routine with actual 
measured data spanning the wavelength range of interest. In other words, as the 
optical properties of many materials tend to exhibit the majority of their defining 
structure in the VUV (and not in the DUV or visible regions) it is highly desirable 
to make use of measured data in this spectral region when attempting to 
accurately determine such properties. Figure 18 illustrates how the VUV 
techniques disclosed herein may be utilized to identify and measure very thin 
layers in a semiconductor process environment. The first curve 1810 in the 
figure, corresponding to the y-axis on the right hand side, presents the 
reflectance signal associated with an ultra-thin (5 A) layer of residual photo resist 
on a blank mask substrate. The second curve 1820, corresponding to the y-axis 
on the left hand side, presents ihe difference signal associated with a 1 A 
increase in the film thickness of the said layer of residual photo resist. It is clear 
that the largest changes in the difference signal appear at shorter VUV 
wavelengths, and that the difference signal tends to zero as the wavelength 
approaches the longer wavelengths in the DUV. Figure 19 provides a further 
example of how the disclosed methods may be used to measure or monitor the 
thickness of ultra-thin layers. Three curves are present in the figure and 
correspond to reflectance spectra recorded from samples consisting of a thin 10 
A layer (curve 1810), a thin 14 A layer (curve 1820) and a thin 18 A layer (curve 
1830) of silicon oxy-nitride (SiON) deposited on silicon substrates. As is evident, 
the differences between the spectra are again greatest at the shorter VUV 
wavelengths and, in this case, essentially non-existent at longer DUV 
wavelengths. This is an increasingly important aspect as it relates to 
semiconductor process control since the semiconductor industry is constantly 
working to incorporate thinner and thinner layers into semiconductor devices. 
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[00124] This point is further emphasized upon examination of Figure 20, which 
presents the reflectance change (relative to a nominal 10 A layer) for a 
SiO0.87N0.13 layer as a function of film thickness (relative to a nominal 10 A layer 
with 13% nitrogen). As is evident from the graph the reflectance changes at 130 
nm (plot 2010) for a given change in film thickness are larger in turn than those 
expected at either 157 nm (plot 2020) or at 193 nm (plot 2030). In fact, the 
changes in the VUV at 130 nm are approximately seven times greater than those 
exhibited at in the DUV at 193 nm. Figure 21 and Figure 22 illustrate generally 
how the VUV techniques described herein may be utilized to monitor the 
composition of a material or film. Figure 21 presents reflectance spectra for a 
series of six 16 A thick SiON layers deposited on Si with concentrations ranging 
from 10% to 15%. As is evident, region 21 10 is the region of highest sensitivity to 
changes in the composition of the SiON films and is centered at approximately 
130 nm. This point is further emphasized following examination of Figure 22 
which presents the reflectance change (relative to a nominal 16 A SiON layer 
with 10% nitrogen) for a SiON layer as a function of film thickness (relative to a 
nominal 10 A layer). As is evident from the graph the reflectance changes at 130 
nm (plot 2210) for a given change in film thickness are larger in turn than those 
expected at either 157 nm (plot 2220) or at 193 nm (plot 2230). 

[00125] As a further example of the benefits afforded by the use of the VUV 
methods presented herein, the determination of the composition of a SiON film 
exhibiting a non-uniform distribution of nitrogen (as a function of film thickness) is 
considered. Figure 22a presents a series of four nitrogen distributions for 20 A 
Si02 films subjected to a dose of 1e 15 nitrogen atoms/cm 2 . The nitrogen atomic % 
is plotted as a function of film depth (as measured from the ambient/film 
interface). While the same numbers of nitrogen atoms are contained within each 
of the four samples, the distributions of those atoms are considerably different. In 
one case the nitrogen is uniformly dispersed throughout the thickness of the layer 
(plot 2240), in another it is incorporated such that it exhibits a broad Gaussian 
distribution centered in the middle of the film depth (plot 2250), in yet another it 
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exhibits a bottom heavy Gaussian distribution (centered closer to the 
film/substrate interface) (plot 2260) and in the final case it exhibits a 
exponentially decaying distribution (plot 2270). 

[00126] Figure 22b presents the reflectance difference signals associated with 
the samples exhibiting the broad centered Gaussian (plot 2251), bottom heavy 
Gaussian (plot 2261) and exponentially decaying (plot 2271) distributions. The 
reflectance difference signal is obtained by subtracting the reflectance signal 
associated with the normally distributed sample from that of the other three. As is 
evident, the non-uniformly distributed samples all exhibit significant and clearly 
distinguishable reflectance difference signals in the VUV region of the spectrum, 
while at the same time exhibiting little or no differences at longer wavelengths. 
This figure acts to further illustrate how the VUV techniques herein disclosed can 
be used to measure and/or monitor the compositional profile of very thin layers. 

[00127] While the exempiary layers of Figure 17 - Figure 22b are those of 
AI203, photoresist and SiON, it will be recognized that layers and film stacks of 
other materials, deposited on a variety of substrates including, but not limited to 
silicon wafers and photo mask blanks, may be measured in a similar fashion. 

[00128] Another advantage afforded by the VUV wavelengths may be realized 
when measuring certain film stacks comprised of two or more layers. As the 
number of films in a stack is increased, so generally is the number of parameters 
sought in the optimization routine. As the number of parameters increases so 
does the likelihood that correlations between the parameters may exist. In some 
circumstances this may contribute to inaccuracy or instability in measured 
results. In some situations it may be possible to simplify the problem, and hence 
reduce the number of parameters sought in the optimization routine by exploiting 
use of the optical data in the VUV through incorporation of an intelligent 
weighting function. 
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[00129] This function, herein referred to as the "dynamic weighting function" 
involves dynamically ascribing greater or lesser emphasis on specific datum 
during the optimization process depending on their expected contribution to the 
determination of the set of parameters being sought. In such an approach the 
expected contribution is dynamically estimated based on the expected 
configuration of the sample (i.e. thickness and composition of layers comprising 
the sample) and is updated on an iteration by iteration basis. For example, as 
shown in Figure 23 when measuring a two layer film stack comprised of silicon 
dioxide (SiC>2) layer 2310 and silicon nitride (SiN) layer 2320 deposited on a 
silicon substrate 2340, it may prove beneficial to place greater emphasis on data 
points in the VUV during the search for thickness of the top Si02 film. This follows 
from the fact that the SiN is, for all intents and purposes, opaque to VUV photons 
at thicknesses greater than about 1000 A. Thus as shown in Figure 23, 
reflectance 2350 from the SiN-Substrate interface may be present in 
measurements made with DUV wavelengths but may be absent in 
measurements made wiih VUV wavelengths. Hence, the thickness of the 
underlying SiN layer can essentially be disregarded during the optimization 
process if DUV and longer wavelength data is neglected. This point is further 
illustrated upon examination of Figure 24 and Figure 25. Figure 24 presents 
reflectance data from three SiCVSiN/Si samples. The SiN layer thickness varies 
from 1000 A (plot 2410), to 2000 A (plot 2420) to 3000 A (plot 2430) amongst the 
samples, while the Si0 2 layer thickness remains fixed at 10 A. As is evident, the 
reflectance spectra from the three samples appear markedly different in the DUV 
region, and yet virtually identical at VUV wavelengths. This follows from the fact 
that VUV photons do not penetrate the SiN layer and instead "see" a sample 
comprised of 10A of SiC>2 deposited on a SiN substrate. Applying a weighting 
function which strongly emphasizes the VUV and strongly de-emphasizes the 
DUV and longer wavelength data thereby reduces the parameter set sought by 
the optimization routine since the result is then insensitive to the SiN layer 
thickness. This approach reduces or altogether removes any correlation between 
the thickness parameters for the Si02 and SiN layers that may exist, thereby 
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acting to increase the accuracy and repeatability of the measurement results. 
Additionally, this approach will generally result in convergence of a solution in a 
significantly shorter period of time than possible using conventional methods. 

[00130] Further evidence of the benefit of such a dynamic weighting function is 
provided in Figure 25, which also presents reflectance spectra from three 
Si0 2 /SiN/Si samples. In this case the SiN layer thickness is fixed at 1000A 
amongst the samples, while the SiC>2 layer thickness varies from 0 A (plot 2510), 
to 10 A (plot 2520) to 20 A (plot 2530). As is seen, the spectra exhibit clear 
differences in the VUV region, while appearing virtually identical in the DUV. 
Thus, because of the sensitivity of the tools and techniques described herein to 
absorption effects, the absorption of shorter wavelengths in the thin films being 
measured may be advantageously utilized. Moreover, in situations in which a 
rough estimate of the anticipated sample characteristics is known (for example a 
rough estimate of the underlying SiN film thickness), greater importance (or 
dynamic weighting) may be placed upon the reflectivity data in certain 
wavelength regions. 

[00131] While the exemplary samples of Figure 23, Figure 24 and Figure 25 
are comprised of SiCVSiN/Si is it clear that the dynamic weighting function 
approach can be used to measure and or monitor samples possessing more than 
two layers and which, are comprised of different materials. 

[00132] The dynamic weighting function may also be utilized in conjunction 
with an iterative data fitting process. For example, for data collected from the 
Si02/SiN/Si layers described above with reference to Figures 23-25, an iterative 
process can be utilized to attempt to determine the thickness of each of the 
layers. During each iteration of the fitting routine the differences between the 
calculated and measured data sets may be mathematically compared at each 
wavelength and used to determine whether changes made in the values of the 
parameters of the fitting routine (in this case the film thicknesses) were an 
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lavement over the parameter values obtained in the previous iteration It is 
advantageous to include a weighting faotor whioh takes into accoun the 
approximate nature of the sample. For example, the data in Fig. 25 clea y 
reveals that wavelengths above -180nm contain no information about the 
thickness of the top SI02 layer. Traditional data fitting methods would ignore thrs 
fact and attempt to compare the measured and calculated data a. all measured 
wavelengths when seeking this thickness. As a result, most of the wavelengths 
being compared (those greater than180 nm) could only increase the uncertainty 
into the result since they represent a significant portion of the we,gh.ed 
comparison function. Using the dynamic weighting function approach tne 
problem could be broken down such that only measured data that could 
reasonably be expected to contain useful information would be included ,nto the 
weighted comparison function. The method is dynamic since the decision making 
process (which measured data should be considered) could be repeated after 
each iteration. 

,001331 When patterned samples are involved additional theoretical constructs 
are typically invoked to properly describe the light scattering, which occurs as a 
result of the interaction between the measurement photons and penodrc 
patterned features. Such light scattering is shown with reference to Rgure 26^ 
Figure 26 illustrates a patterned substrate 2610 and ttte reflected beam 2620 and 
diffracted beams 2630 that result from the incident beam 2640. This form of 
non-imaging optical dimensional metrology is known as scatterometry and 
common* involves employment of some form of "rigorous couple^ wave 
analysis" (RCWA) during the data reduction process. This technique explorts the 
sensitivity of light scattering from a patterned sample and relates the dimens,ons 
of the features comprising the sample to the optical signal recorded torn such 
through use of an appropriate mathematical expression. In other words, 
scatterometry enables the dimensions of patterned features to be determmed by 
accounting for light scattered or diffracted from a sample containing patterned 



features. 
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[00134] Examples of exemplary quantities that may be measured and/or 
monitored on a patterned substrate 2700 using this approach are depicted 
graphically in Figure 27 and include, but are not limited to, critical dimensions 
(line widths) 2710, sidewall angles 2720, trench depths (or line height) 2730, 
trench widths 2740 and film thickness 2750. It is understood that these quantities 
represent a select number of the many such quantities that may be measured 
and/or monitored in thin film stacks and/or structures. Patterned thin film samples 
of this nature are found in many areas including semiconductor devices and 
storage media. 

[00135] As a review of light scattering physics reveals, short wavelength 
photons like those in the VUV are inherently better suited to measuring or 
monitoring smaller critical dimensions of patterned features than longer 
wavelength photons, owing to the increased sensitivity afforded by the former. In 
fact, it can be seen thai lor many critical dimension metrology applications 
involving leading edge semiconductor devices, measurement is only possible 
using short wavelength VUV photons. This point will is further illustrated through 
the examples provided below. 

[00136] Figure 28 illustrates an exemplary VUV measurement relating to line 
width determination. The first curve 2810 in the figure, corresponding to the y- 
axis on the right hand side, presents the reflected signal obtained from a 65 nm 
line array with a pitch of 1 30 nm. That is, a line array constructed such as to 
exhibit 65 nm wide lines separated by 65 nm wide spaces. The second curve 
2820 in Figure 28, corresponding to the y-axis on the left hand side, presents the 
difference in the reflected signal between 66 nm and 65 nm line arrays. That is, 
this curve represents the difference signal associated with a 1 nm increase in line 
width for a line array exhibiting 65 nm wide lines and spaces. As is evident from 
the figure, distinctive and significant changes in the difference signal are only 
expected at and below wavelengths corresponding to the pitch of line array (65 
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nm line width + 65 nm space width = 130 nm pitch). Hence, in order to measure 
or monitor the line width in such a structure using the approach described herein, 
it is necessary that the range of measured wavelengths include those at and 
below the pitch wavelength. 

[00137] Figure 29 illustrates an exemplary VUV measurement relating to pitch 
determination. The three curves in the figure represent reflectance signal 
expected from line arrays comprised of 63 nm (curve 2910), 65 nm (curve 2920) 
and 67 nm (curve 2930) lines and spaces. That is, the data represent signal from 
line arrays with equal line width and space width, but with pitches of 126 nm, 130 
nm and 134 nm. As is evident from the figure, changes in the three spectra are 
predominantly evident in the spectral region immediately at and below the 
wavelength corresponding to the line array pitch (again near 130 nm in this 
example). 

[00138] Figure 30 illustrates how the VUV techniques and apparatus described 
herein can be used to measure or monitor changes in the height of lines 
comprising a line array. Two curves are presented in the figure. The first curve 
3010, corresponding to the y-axis on the left hand side, presents the expected 
reflectance signal from a line array with 65 nm lines and spaces, wherein the line 
height is 1000 A. The second curve 3020, corresponding to the y-axis on the 
right hand side, presents the difference signal associated with a 10 A increase in 
line height for the same such line array. As is evident the changes in line height 
bring about a spectral signature markedly distinct from the changes introduced 
through in line width and pitch presented earlier (for reference refer to Figure 29 
and Figure 30). That is, the spectral region exhibiting the smallest difference 
signal resulting from changes in line height is in fact the same spectral region 
exhibiting the largest difference signal resulting from changes in line width and 
pitch. 
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[00139] Application of the VUV techniques and apparatus described herein in 
the field of semiconductor process control metrology are both numerous and 
wide-ranging. In general, it has been demonstrated that the VUV reflectometer 
techniques provided herein may provide data shown reflectance magnitudes at 
given wavelengths. Further, the sensitivity of these measurements may be 
meaningfully related to semiconductor manufacturing process data to provide 
data indicative of various process variables. In this manner the systems and 
techniques provided herein may be utilized in process control and process 
characterization applications. Specific examples of a select number of such 
cases have been presented, however those skilled in the art will recognize that 
these methods can be further applied in many other situations. 

[00140] The techniques described herein may be incorporated into off-line 
stand alone metrology equipment utilized for metrology applications. However, 
because they may be implemented in a relatively less complex hardware solution 
that may yield a measurement result relatively quickly and repeatedly, the 
techniques described herein may be particularly suited for incorporation into any 
of a wide variety of semiconductor process tools. Thus, for example, the VUV 
techniques described herein may be incorporated directly into tools used for 
deposition, etch, photolithography, etc. so that in-line measurements, monitoring 
and control may be advantageously obtained. 

[00141] Further modifications and alternative embodiments of this invention will 
be apparent to those skilled in the art in view of this description. Accordingly, this 
description is to be construed as illustrative only and is for the purpose of 
teaching those skilled in the art the manner of carrying out the invention. It is to 
be understood that the forms of the invention herein shown and described are to 
be taken as presently preferred embodiments. Equivalent elements may be 
substituted for those illustrated and described herein, and certain features of the 
invention may be utilized independently of the use of other features, all as would 
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be apparent to one skilled in the art after having the benefit of this description 
the invention. 
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